The effect of S-acetylation in MN 2 S 2 complexes on metal exchange reactivity was examined in a series of 
Introduction
For the coordination chemist, there are no "free" metal ions. In solution, all synthetic procedures entail the transfer of metal ions from one binding site to another, usually involving intricate mechanisms of stepwise and cascading de-and re-ligation. 1 An analogue of this process of particular interest to bioinorganic chemistry lies in the construction of catalytic sites of metalloenzymes involving nitrogen and sulfur donor atoms from protein-bound histidine imidazoles, cysteine thiolates, methionine thioethers, and tripeptide motifs with deprotonated amido nitrogens. [2] [3] [4] In the form of a protein-Cys-X-Cysprotein chain, such a motif results in a contiguous, largely square planar S-N-N-S tight binding site, displayed in the distal nickel site of acetyl-CoA-synthase (ACS), 5 the cobalt site of thiocyanate hydratase, 6 and in the iron and cobalt forms of nitrile hydratase (NHase), 8 Similar sulfur reactivity is characteristic of synthetic N 2 S 2 complexes of nickel, where the N 2 S 2 binding is maintained throughout a variety of nickel-bound S-modications; including metallation, oxygenation, and simple alkylation, Fig. 2 .
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The reactivity of cysteinyl sulfur in proteins with acetylating agents, such as iodoacetamide, AA, and iodoacetate, Ac, has found application for cysteine protection and as an analytical tool for protein sequencing/mass spectrometry experiments.
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The latter is used to monitor the increased mass of the cysteine residues and of the protein as a whole, and in the former, to prevent the formation of disulde bonds in the tertiary structure of proteins. 20 While thioethers are typically poorer metal-binding ligands, the carboxylate or carboxamido terminus is a potential donor, leading to the possibility of coordination number expansion. 21 It is generally expected that alkylation of cysteines in an apo-active site can prevent the coordination of metal(s); alternatively, alkylation on sulfurs of metal-bound cysteines may deactivate the enzyme. 15, 16 As alkylating and acetylating agents are known carcinogens, knowledge of potential sites of reactivity in biomolecules is of even greater signicance.
The work described herein was initiated in response to a need to understand the properties of zinc in N 2 S 2 binding environments and its response to extraneous metals. As the second most abundant transition metal in the human body, zinc is most commonly found as a structural element. The exchange of Zn 2+ by Pt 2+ in zinc nger sites on transcription factors is theorized to be part of the mechanism by which cisplatin can interrupt DNA replication in cells. 22 Zinc is a catalytic center in enzymes such as carbonic anhydrase, and carboxypeptidase where exchange with metal ions that have useful spectroscopic features has proven useful to dene the roles of the spectroscopically silent zinc.
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In metallothionein proteins its kinetic lability may be exploited in exchanges with toxic metals. It may act as a place-holder in a preformed apoenzyme active site, 26 for example, HypB in the maturation cycle of NiFe-hydrogenase. 27, 28 In abiological areas, Escudero-Adan et al. have used transmetallation of Zn-salphen complexes as a synthetic approach to a library of transition metal salphen complexes.
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In addition to the signicance of metal exchange processes described above, chelation therapy and/or toxic metal removal has inspired extensive studies of the transmetallation of Ni(EDTA) 2À with Cu 2+ by Margerum, et al. where kinetic data served as basis for a proposed mechanism. 1, 30 The likely similarity of the functional carboxylate exterior of the EDTA complexes and the acetylated N 2 S 2 complexes has guided interpretation of the kinetic studies described below. Fig. 3 summarizes our earlier synthesis and reactivity studies that showed acetylation of metal-bound thiolates in zinc and nickel complexes containing the tight N 2 S 2 binding site, converting the thiolate sulfurs into thioethers, concomitant with expansion of ligand denticity through the carboxylate group, i.e., resulting in MN 2 V, À0.090 V, 300 mV, and 0.74, respectively.
X-ray diffraction analyses of molecular structures
Crystals of the Co-1 0 -Ac 2 , Fe-1 0 -Ac 2 , and [Cu-1 0 -Ac 2 ] 2 complexes were obtained as racemic mixtures from layering methanol solutions with diethyl ether. The structures were rened in the P 1 (triclinic), P 1 (triclinic), and C2/c (monoclinic) space groups, respectively. The former two co-crystallize with two MeOH molecules that are H-bonded to the free carboxylate oxygens, vide infra. 37 The same trend can be seen with the M-N distances; however, the M-O bond distances actually increase across the row as the radii decrease. This is likely a result of the more drastic decrease in M-S distances coupled into the torsion angles through the acetate arm. Thus, the oxygen donors are prohibited from moving toward the metal center, but rather shi away as the metal ion gets smaller. Overall, the bond distances for the Zn- 
Equilibrium constants
Equilibrium constants of the metal exchange reactions were measured in aqueous solutions using UV-vis spectroscopy. Metal salts, see Table 2 , and M-1 0 -Ac 2 complexes, dissolved in water, were combined in a 1 : 1 ratio at 0.007-0.008 M concentrations and allowed to equilibrate for 3 h at 22 C. The UV-vis spectra were then recorded and, in combination with molar absorptivity values at selected wavelengths, Table S1 , † the concentrations of the species in solution at equilibrium were calculated.
(1)
Thus, the equilibrium constants shown in Table 2 assumed that each metal is contained in one of the two forms present in eqn (1) and (2), see Chart S1 † for equations used. Of the possible aggregates or mixed metal complexes in the likely complicated mechanism, vide infra, none are observed in the UV-vis monitor. In the following discussion, the exchange pairs are expressed as
The values reported in Table 2 are averages of triplicate experiments calculated at a single wavelength as indicated. The thus obtained equilibrium constants measured according to establishment of equilibrium from two directions, i.e., for the Zn/Co and Co/Zn exchange pairs, are, as expected, the mathematical inverse of each other. Likewise those for the Zn/Ni and Fig. 9 and S6 † display full UV-vis scans for this metal exchange reaction, with alternate pseudo rst order conditions for each reactant. The reactions were monitored at ambient temperature by appearance of the UV-vis band at 845 nm, with data collection started as soon as the two solutions were injected into the cuvette, and followed to completion. The linearity of the natural log plot of the absorbance at 845 nm, versus time, Fig. 10 
The temperature dependence of the rate constant, k, was measured over a 37 K range (286-313 K), Fig. S8 
Experimental section

General methods and materials
Solvents were dried and degassed using a Bruker solvent system. The products are air stable; however, as a precautionary measure, all reactions were carried out under an inert atmosphere of argon using standard Schlenk procedures unless otherwise noted. The acetylated products can be extremely hygroscopic, necessitating exclusion of moisture. Separations used silica gel chromatography both for thin layer and column purications. Reagents were used as acquired from standard vendors. The bis(2-mercaptoethyl)-1,4-diazacycloheptane (H 2 bme-dach), 43 structure solutions, SHELXS-97; 43 and structure renement, SHELXL-97. 43 The nal data presentation and structure plots were generated in X-Seed Version 2.0.
44 CIF les were prepared for publication using WinGX and its included programs. 
Conclusions
The N 2 S 2 ligand binding site has been found to be largely inert to metal exchange, rather yielding S-based aggregation products of various structural types when MN 2 S 2 complexes are exposed to exogeneous metals. iodide ions yielding a tetrahedral ZnN 2 I 2 as shown in Fig. 12 .
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The zinc is readily displaced by nickel, whereupon the thioether sulfur reclaims the metal binding in square planar coordination geometry. However, if the alkylation agent creates additional donor atoms within the ligand framework as in the iodoacetamide and iodoacetate derivatives, the chelate effect might be expected and indeed does keep the poor thioether donors bound to the Zn in a hexacoordinate, octahedral ZnN 2 S 2 O 2 site. However, such S-modication with sodium iodoacetate can also render the metal center labile and replaceable by exogenous metal ions through interaction with the available carboxylate oxygen atoms. The proposed mechanism resulting from this interaction entails a ligand unwrapping/rewrapping process, Fig. 13 , leading to facile metal exchange rather than aggregation products. Modeled aer the mechanistic suggestions of Margerum, et al., the rate determining step is expected to involve the M-N bond-breaking/ forming step to give a bimetallic intermediate.
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Lending veracity to the proposed intermediates of Fig. 13 , are two crystal structures: rst, the [Cu-1 0 -Ac 2 ] 2 dimer, Fig. 7 , nds carboxylate oxygens bound to copper resulting from one of the ligand arms which has become partially "unwrapped". The second is a structure of an N 2 S 2 O 2 free ligand based on bismercaptoethane-diazacycloheptane that has been S-alkylated by paraformaldehyde (CCDC #1407475). The diazacycle of the resulting molecule is in a conformation that would allow it to bridge to two metals using the inverted nitrogens. As shown, the Bronsted acid proton of the OH group replaces the Lewis acidic metals, Fig. 14 .
Thus even with what would appear to be a very rigid ligand framework, and the requirement of bond breaking processes expected to have a high energy barrier, the unwrapping/ rewrapping process gains feasibility by the multiple interactions resulting from the additional carboxylate functionality. Of prime signicance, this work illustrates a consequence of Sacetylation that to our knowledge has not been previously expressed, i.e., a pathway for metal exchange. A wider application of such sequential binding/rebinding mechanisms involving oxygen, nitrogen, and sulfur donors is likely in many metal transport processes. For example, the methanobactin Cu + chelator ultimately produces a four-coordinate N 2 S 2 site for Cu + , 47 with an uptake/release mechanism that involves peptide amido groups for which precise pathways are difficult to mimic. Fig. 14 The X-ray crystal structure of (bme-dach)(CH 2 OH) 2 which highlights the 7-membered diazacycle with the nitrogen lone pairs anti to each other and hydrogen bonding to the respective pendent -OH groups. The ligand was derived from the reaction of H 2 bme-dach with paraformaldehyde in chloroform.
